UV written planar waveguide sensors provide an integrated solution to refractive index sensors. The high sensitivity of the devices originate from their use of Bragg gratings which provide an accurate means of interrogating the local effective index. Conventionally the optical mode is made sensitive to an external refractive index by etching away the cladding and exposing it to an analyte. These devices have been used to sense liquid/solid phase changes and have displayed their potential for use as biological and chemical sensors. Recent results demonstrate sensitivities rivaling that of the highest specification Surface Plasmon Resonance (SPR) techniques. Here we introduce a new geometry which embraces the benefits of planar technology to realise new integrated devices. The geometry relies upon the use of a vertical trench or groove to produce an interface of optical quality which provides lateral access for an optical mode. The evanescent field interacts with the material within the groove and a Bragg grating in the region provides the means for interrogation. This reorientation of the sensor geometry provides additional flexibility to UV written devices, allowing several different sensors to be defined on the single substrate without multiple etching processes. These multiple sensors may offer complementary information such as the effective index as a function of penetration depth and interrogation wavelength for dispersion analysis. The paper also outlines the inherent feature benefits and fabrication advantages, including a reduction in return loss, spectral artefacts and stress induced birefringence.
INTRODUCTION
Optical sensors for the measurement of refractive index have seen a revolution in recent years. The pull for high sensitivity refractive index sensors has been predominately driven by the mass markets of biotechnology, medical diagnostics, pharmaceutical research and homeland security. These markets demand sensors that can be combined with a biological recognition element to provide accurate information about the concentration of a selected analyte. Various optical sensors have been developed using a variety of physical mechanisms including surface plasmon resonance, 1 grating couplers, 2, 3 Mach-Zehnder interferometers, 4 relief gratings 5 and fibre Bragg gratings. 6 Previous work has shown that direct UV written planar waveguides can also be used as refractive index sensors. 7, 8 In the later works the interrogation of the refractive index is achieved via the spectral response of Bragg gratings. The Bragg grating is a form of periodic perturbation of the waveguide that produces a spectral reflection peak or transmission dip. The central wavelength of the spectra is the Bragg wavelength λ B and is given by the expression, λ B = 2n eff Λ
where n eff is the effective refractive index of the mode and Λ is the period of the Bragg grating. The value of n eff is dependent on both the index of the core and the cladding, thus a variation in the index of the either results in a shift of λ B . Therefore in order to enable a refractive index sensor the optical mode of the Bragg grating must penetrate the analyte, and this done by removing some of the cladding. As sensors, planar waveguides possess one distinct advantage over fibre with its capability for integration. For example a single planar chip with multiple sensors within an integrated circuit can be fabricated using standard clean room processing. The approach chosen by Sparrow et al. 7, 8 uses one of the most common planar platforms, silica-on-silicon. It provides a structurally and chemically robust substrate, with optical properties very similar to that of fibre. The embedded nature of the sensor also removes the contamination and stress related weaknesses of relief gratings.
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Another advantage of this approach is the use of direct UV writing to define both the channel waveguide and Bragg grating in the same process. The definition of the waveguides and gratings are preformed entirely under computer control allowing rapid fabrication of unique devices with a variety of parameters.
A common feature of the Bragg grating sensors previously mentioned [5] [6] [7] [8] is that the removal of the cladding to expose grating to the liquid occurs after the fabrication of the waveguide and gratings. This paper proposes an alternative method and geometry for the fabrication of direct UV written sensors. The distinctive difference between this approach and the prior work is the preparation of the access to the core before the definition of the waveguide and grating. The advantages and potential limitations will be discussed followed by some of the first results.
ETCHED SENSORS
The process of direct UV writing used to produce waveguides with integral Bragg gratings is shown in Figure 1 , which illustrates a dual beam method also known as Direct Grating Writing (DGW). 9 The planar samples consist of three layers of silica deposited on silicon substrate with the core layer made photosensitive by germanium doping. In order to define a Bragg grating an interference pattern is generated by the crossing of two beams, in this case the source of light is a frequency doubled Argon Ion laser (244nm). The core layer is exposed to this interference pattern while the sample is moved to generate the desired optical waveguides. Bragg grating properties such as position, period and contrast are controlled by the synchronised modulation of the writing laser. Figure 1 shows the conventional approach used by Sparrow et al. 7, 8 to make UV written waveguide. After UV writing the cladding is removed to expose the top of waveguide and form the sensor with a time-consuming and industrially undesirable hydrofluoric acid (HF) etching process, as shown in figure 2. 
THE GROOVE GEOMETRY
This paper presents a fabrication technique to produce a pre-structured planar substrate which allows access of a liquid to the optical mode prior to UV writing. This is realised by the fabrication of vertical grooves in the sample that permit the waveguide to laterally access the analyte, a concept displayed in Figure 3 . The diagram shows the waveguide coming into and out off proximity with the groove via two S-bends, illustrating the first advantage of grooves over etching. In an etched sensor the change from the normal waveguide to sensor waveguide happens very rapidly, the resulting step in propagation constant produces undesirable back reflection and cavity effects. However, in a groove based device the s-bend provides an almost adiabatic change in propagation constant, reducing these unwanted effects.
The change in geometry also provides several added benefits, these include:
• The ability to access the sample from both sides of the groove, therefore increasing the density of sensors on a chip.
• The potential to change the mode size laterally to induce multimode operation for additional sensitivity.
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• The same or multiple grooves can be approached several times providing information about different penetration depths, modes and surface treatments.
• The physical dimensions of the grooves also coincide to those of standard commerical microfludics and Micro-Electro-Mechanical Systems (MEMS), granting easy integration.
• The groove structuring helps relieve the birefringent stress associated with silica-on-silicon waveguides.
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• Pre-defining structures remove the necessity for a HF etching process, reducing time and acid handling.
RESULTS
The fabrication of our first groove-based silica-on-silicon samples was performed using a diamond dicing saw method used in the semiconductor industry, with the same process also used to dice and polish the samples for optical coupling. Commercial dicing systems can have sub-micron precision and are capable of producing grooves widths of 10 microns. To date full exploitation of this technique in planar waveguides has been limited, however some work has preformed on the definition of Lithium Niobate channel waveguides. 12 A scanning electron microscope image of the end face of one of the large early samples is shown in Figure 4 .
Before UV writing each microstructured substrate was hydrogen loaded under a pressure of 120 bar for several days to increase the UV photosensitivity. In our DGW process an additional requirement is the precise alignment of the sample relative to the writing laser, this is essential to ensure the correct proximity of each waveguide to a A2. groove. For our first experiments we wished to investigate subsequent device sensitivity as a function of distance from the groove. The design for this investigation is shown in Figure 5 (a), it shows a series of 1mm long Bragg gratings sequentially increasing with period and moving closer to the groove. The final grating is defined within a couple of microns from the groove, which for simplicity this will be referred to as the 0 micron position. The reflection spectrum of the gratings was measured using the system shown in Figure 5 (b). The optical source is an Amplified Spontaneous Emission (ASE) source and the spectra is acquired using an Ando Optical Spectrum Analyser (OSA). The polarisation state of the waveguide was analysed by imaging the end face of the waveguide and controlled using the polarisation controller. The spectra were collected and analysed by a Gaussian curve fitting algorithm designed to determine the central wavelength of each Bragg grating resonance. An example of the spectra obtained during this investigation is shown in Figure 5 (c).
The preliminary data in Figure 6 shows the observed wavelength shift for a Transverse Magnetic (TM) mode when the sample is exposed to a series of different refractive index liquids from 1.3 to 1.47. The wavelength shift is relative to initial state of the sensor when in air. It is also assumed that the grating 10 microns from the groove is insensitive to the analyte and is thus used as a temperature reference. Typically in these samples we observe a 7 to 11 pm
From these initial devices, our first observation is that the Bragg grating wavelength shift (and thus device sensitivity) increases as the distance between waveguide and groove reduces. It is also clear that this sensitivity is extremely dependent upon the relative location to the groove, re-emphasizing the need for precise registering of the groove's location during the UV writing stage. The optimal proximity of the sensing wavelength will strongly depend upon the length of the sensor grating and the optical properties of the analyte. The data shows that as the analyte index increases the optical mode is less confined within the silica waveguide and a greater proportion of the mode interacts with the analyte, resulting in an increasing effective index. With the modes closest to the interface this trend terminates when the analyte index exceeds that of the index of the waveguide core causing the waveguide to fail to support an optical mode. An example of this can be observed in the sensitivity data of the sensors at positions 0 and 2 microns in Figure 6 . Above an refractive index of 1.44 the reflection spectrum is lost. The refractive index region of most interest for biochemical applications, is that of water (≈1.33), consequently the optimum position of the sensor waveguide is that which still supports a propagating optical mode with a sufficiently strong reflection spectrum. The uncertainty observed in the results for the lower index fluids is a result of the cleaning process between different analytes, and it is hoped that such errors will be removed with the complete integration with microfluidics.
One of the features typically associated with planar silica-on-silicon waveguides is a large stress induced birefringence (1.7 × 10 −4 ). Here optical modes of orthogonal polarisation exhibit slightly different modal refractive indices and that fluctuations in the polarisation state result in a spectral shift of the Bragg resonance. Experimentally we can eliminate these effects by either using polarisation maintaining components or ensuring only one mode is launched. By observing the wavelength shift between orthogonal polarisations at each location relative to the groove we are able to map the stress induced birefringence. Figure 7 displays this data and clearly shows a huge reduction in the measured birefringence of the Bragg gratings closest to the groove. This order of magnitude reduction in birefringence is commercially attractive as it reduces the errors associated with birefringence and in turn reduces the necessity for polarisation control. The reduction of birefringence in UV written silica-on-silicon waveguides via the use of grooves has been previously reported by Nasu et al. 11 These published findings agree well with the measurements presented here. 
DISCUSSION
Having demonstrated the benefits of easier processing, microfluidic compatibility and reduced birefringence in these early samples, it is important to investigate routes towards higher sensitivity biochemical devices. Here, questions arise, the most important are, does the UV radiation cause any material ejection at the groove interface and does scatter and aberrations caused by the groove reduce the grating contrast? In order to help answer some of these questions fully we are currently modeling the groove devices in order to compare with the observed physical properties. Figure 8 shows the some of the results from theoretical modelling using a commercial vectorial mode solver (Fimmwave). The images in Figure 8 (a) and (b) show the modal cross-section of the etched and groove UV written geometries. This modelling provides information concerning the sensitivity of the two geometries and Figure 8 (c) shows the sensitivity as a function of distance between the sensor interface and waveguide. In this case we have defined the sensitivity to be the observed wavelength shift between analytes of index 1.3 and 1.35. The graph shows the sensitivity is 2 times greater in etched sensors than for the groove geometry. Although the structures are almost identical the disparity comes from the different contrast between the index of the UV written waveguide and material perpendicular to the sensor window. In the groove devices this is the unexposed planar core layer, where as in the etched devices it is the lower index underclad. It is unclear at the moment if this small reduction in sensitivity is a significant disadvantage compared to the advantages from the additional flexibility. This is also true when weighing up the advantages and disadvantages of fabrication, does the additional flexibility provide additional scope for error? Ultimately this will come down to the engineering of fabrication reproducibility. Other issues that may determine the commercial potential of these devices is the effects of hydrogen out-gasing and if there are any positive effects of increased photosensitivity due to the stress relief provided by the grooves. 
FUTURE WORK
The future work will include all of the issues previously discussed above. Future investigation of our groove-cut sensor substrates will involve optimising the fabrication parameters of the grooves. The refractive index changes observed with our first devices in this format is around 10 −4 . To enhance this sensitivity we have several proposed strategies, the most promising of which is the deposition of a thin high index overlayer to increase the portion of the mode within the analyte. 13 Our ultimate goal is to investigate the additional control available with these substrates especially the routes for new types of devices and integration with other devices. Consequently we are currently investigating the application of these substrates with liquid crystals to produce tunable Bragg filters.
CONCLUSIONS
It has been previously shown that the spectral interrogation of Bragg gratings produce high sensitivity sensors. Planar UV written Bragg sensors provide a practical route for the fabrication of a rugged refractometer. Operation in the telecoms wavelength range allow these devices integrated with standard telecoms components and be used for remote sensing. The new geometry described in the paper provides additional flexibility for the realisation of new devices. The data presented in this paper show the first results of this new geometry. 
